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Breface

High speed tangential flow over open cavities (e.q.
alrcraft weapon bays) can invoke large pressure oscillations
within the cavity. These large oscillations can damage the
cavity structure as wvell as items placed within the cavity\\
Previous experiments have investigated the effectiveness of \
several passive-type suppressicn methods with modest
success. However, the effectiveness of a particular
suppression device vas usually Mach number dependent. The
purpose of this experiment was to evaluate the effectiveness
of using active-type suppression methods, and comparing with
passive-type, in an attempt to find a design that wvas not
Mach nuamber dependent.

I would like to express my sincere appreciation to ay
advisor, Dr. M. Franke, and to my tvo conmittee members, Lt
Col P. King and Dr. V. Elrod, for their help and guidance in
conducting this experiment. I would also like to thank Mr.
R. Ruley from the AFIT Model Shop for his work in construct-
ing the test section. I also would like to thank Mr. L.
Shav and Mr. J. Plzak from the USAF Flight Dynamics
Laboratory for thelir help in obtalning some much needed
equipment. Finally, I vish to thank my vife Debbie and son
Anthony for their patience and understanding during those
long months vhen I practically lived at school.
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Abstract /Q%{é/

Large pressure oscillations are'generated by high speed
tangential flow over an open cavity. xﬁhe purpose of this
exparimental study was to detcrmine the effectiveness of
suppressing pressure oscillations by manipulating the shear
layer over a twvo-dimensional cavity with a length-to-depth
ratio of twvo. Two methods, a frequency controllable control
surface (fence) and pulsating secondary airflov at the
cavity leading edge, wvere used to nanipulate the shear
layer. The suppression effectiveness of the fence utilized
in both passive and active nodes (zero tc 120 Hz) wvas
evaluated at six alrflow NMach numbers (0.62, 0.76, 0.90,
1.07, 1.28, 1.53). The effectiveness of pulsating secondary
alrflov vas evaluated at one airflow Nach number (1.28) and
tvo flov injection angles (parallel and 45 degrees to the
flov) at frequencies ranging from zero to 80 Hz. The effect
of ateady flov injection vas alaso evaluated at mass flowv
rates per unit wvidth ranging from 0.323 to 1.27
(lba/sec/ft).

Pressure recordings from vithin the cavity veie aade

for each test. A narrov band Fourler analysis of these o

recordings produced plots of the sound pressure level

amplitude versus frequency. Schlieren photographs of the

xitd




flowv were also taken for each test to observe the shear and

’\ 3; determine the cavity Mach number.
%~ The effoctiveness of a pulsating fence in suppressing

the peak mode pressure oscillations proved to be less than
that achievable with the fence static. However, due to
mechanical restrictions of the model design, the maximum
frequency was liaited to only 120 Hz, an order of magnitude

below cuvity resonant frequencies.

=

C;The pulsed secondary flov injection technique was most
effective when nulued at a 45 degree angle to the external
£lovw, but less effective than that achlevable with steady 45
degreexﬁlov injection. However, the pulsed secondary flow
suppression metnod ve . not effectively evaluated since
substantial decrease in pulse amplitude occurred with smalil
frequency‘;ncreaseu. Recommend acditional tesating be
accomplished to evaluate the effectiveness of both these

methods at hignar frequencies.
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EXPERIMENTAL INVESTIGATION TO SUPPRESS FLOW-INDUCED

PRESSURE OSCILLATIONS IN OPEN CAVITIES
I. Introduction

Background

The presence of a cavity in a surface exposed to high
speed tangentlal airflow can create high level pressure
oscillations wvithin the cavity. These oscillations can be
large enough to affect the structural integrity of the
cavity and its surrounding structure due to sonic fatigue as
vell as adversely affecting the items carried within the
cavity. If, for example, the cavity is an alrcraft weapon
bay, the oscillations could produce fallure of store
restraint and release mechanisms, as wvell as damage
sensitive iteas wvithin stores; in addition, these oscilla-
tions can also affect store separation from the ajrcraft
(1:1).

There have been numerous experiments and analyses
investigating different aspects of flov over a cavity. One
of the earliest experiments was carried out by Karamchet!{ in
1955. Karamcheti noted that the intensities of the pressure
oscillations vere highexr wvhen the boundary layer upstream of
the cavity vas laminar rather than turbulent (2:5). Over
the past 34 years, the amount of research donhe on cavities

is far too numerous to adequately address in this thesis.
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However, an excellent survey of flov over cavitles wvas
compiled by Komerath, Ahuja, and Chambers (3). The concepts
covered in this survey include: Classification of flows
over cavities, observed phenomena, prediction methods,

suppression techniques, and current work as of 1986.

Qbjective

The purpose of this experimental investigation was to
deternmine the effectiveness of suppressing pressure
oscillations by manipulating the shear layer of a high speed
tangential flov over a tvo-dimenslional rectangular cavity.
To manipulate the shear layer, two suppression techniques (a
static/pulsating fence and steady/pulsating secondary flowv

injection at the cavity leading edge) vere utilized.

dcope
The rectangular cavity considered in this {nvestigation

had a length-to-depth (L/D) ratio of two and 1s shown {n
Figure 1-1. The tvo suppression methods investigated
included a statlic/pulsating fence and steady/pulsating
secondary flow injection both at the cavity leading edge.

The pulsating fence vas evaluated for a range of
frequencies from zero to 120 Hz at six airflow Mach numbers.
One convergent nozzle vas used for subsonic flov conditions
(M = 0.60, 0.75, and 0.90) and three converging-diverging
nozzles wvere used for supersonic flov conditions (M = 1.10,

1.35, 1.70). In addition to dynamic testing with the fence,

1-2




LEADING TRAILING

CAVITY

"

Figure 1-1. Cavity Geometry And Nomenclature

runs vere also conducted using a variable helght statle
fence.

The pulsating secondary flov injection suppression
method was evaluated for a range of freguencles from zero to
80 Hz, at two flow injection angles (parallel and 45 degrees
to the flow), and at one ajrflow Mach number (M = 1.28).
Steady flow injection wvas also evaluated at M = 1.28 with
mass flov rates per unlt width ranging from 0.323 to 1.420
lbm/sec/ft.

A schlieren photograph of the flow field in and above

the cavity was taken for each data point to observe and

1-3
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document the behavior of the shear layer. 1In addition, for
subersonic flow conditions the schlieren photograph was used
to determine the flow Mach number at the cavity.

Dynamic pressure measurements of the cavity oscillations
were recorded at discrete time intervals using dynanic
pressure transducers mounted flush on the side wvalls of the
cavity. This time dependent data was converted to the
frequency domain using a Fourler transform routine. This
provided plots of dynamic pressure amplitude as a function

of cavity oscillation frequency.
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Elow Dimension

Experimental studizs by Covert (4:2) and Charvat (5:457)
indicate that spanwvise flov has no significant influence on
cavity pressure oscillations. They found that the free-
stream flow direction dominates the internal cavity flow so
strongly that three-dimensional effects are restricted to
small perturbations in the dominant flow direction.
Therefore this study will address flow over a cavity as tvo-

dimensional.

Classification of Flows

Cavity flows can be categorized as elther open or closed
types. Charvat, et al (5:458) referred to a flov as being
"open" when the separated shear layer spans the cavity,
Figqure 2~1, and “"closed"™ when the separated shear layer
reattaches to the cavity floor, Figure 2-2. For supersonic
speeds and for subsonic speeds vith turbulent boundary
layers, closed cavities are found to have a length-to-depth
(L/D) ratio of 11 or greater (5:459). Sarohia (6) showved
for subsonic speeds with a laminar boundary layer that
closed cavities occurred vhen the L/D ratio wvas
approximately seven or greater. The unsteadiness assoclated
vith closed cavity flov is predominantly random and does not
exhibit periodic pressure oscillations. Therefore the focus

of this test was on an open cavity configuration. .1ls 1
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Two-Dimensional Closed Cavity Flow
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Classification of Cavities

Cavity geometry has been shown to be an important
variable determining the type of response caused by flowv
over a cavity. A cavity may be considered "deep" if L/D < 1
and “shallow" if L/D > 1. A deep cavity will respond
somevhat like an acoustic resonator driven in the depth
direction with the oscillatory energy being supplied by the
shear layer above the cavity. A shallow cavity, on the
other hand, 1s driven in the length or streamwvise direction
(1:2). 1In this experiment, emphasis was only on a shallowv

cavity vith L/D = 2.

Qscillation Procegs

Large pressure oscillations are generated by tangential
flov over an open cavity. These flov-induced pressure
oscillations are a result of the interaction of the free-
stream shear layer and the medium within the cavity
involving both acoustic and hydrodynamic mechanisms (7:2).
As vater table visualization techniques (7 - 9) i{ndicate,
the unsteady motion of the shear layer above the cavity
results in mass addition and removal at the cavity trailing
edge. In shallow cavities this mass additlion and removal
process is similar to that of a cavity whose rear bulk head
acts like an oscillating piston (8:10). Heller and Bliss
referred to this as the "pseudopiston" effect vhich is
illustrated in Figure 2-3. A summary of thelr detalled

discussaion of the mechanisms involved follows (8:10-14).
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Fligure 2-3. Simple Analytical Cavity Model (8:37)

The pseudoplston effect g;nerates forwvard traveling
vaves In the cavity that are eventually reflected by the
forvard bulkhead and thus become rearward traveling waves,
These traveling waves force the shear layer in an unsteady
manner resulting in the mass addition/removal process that

produces the cavity vave structure, thus closing the

feedback loop. Energy to sustaln thls process is provided

by the external flow (8:10). Figure 2-4, as illustrated by
Heller and Bliss (8), depicts a typlical oscillation cycle.
Of the 18 sketches shown, six stages (by lettered row) are

used to explain the cycle.
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Flgure 2-4.

Typlcal Pressure Osclllatlon Cycle (8:12)
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In the first stage of the cycle (A) a pressure vave fronm
a previous disturbance is reflected off the forwvard bulkhead
vhile the wave previous to it approaches the rear bulkhead
causing the shear layer to bulge and expel fluid. As the
shear layer wvaveform and forward reflected wvave moves
rearvard (Stage B), the shear layer begins to interact with
the cavity tralling edge and fluid ias added back into the
cavity initiating the next compression wave. While the
forvard vave continues rearvard the shear layer dips lowver
into the cavity (Stage C), adding more fluid, and fully
forming the rearvard traveling compression wave. The
rearvard and forvard traveling vaves nmeet and interact near
the cavity center (Stage D) and continue in their respective
directions. The top part of the forvard traveling wave
enters the supersonic flov (Stage B}, causing it to be
tipped more than the external flov Mach angle while the
reaxvard traveling vave, moving at subsonic relatlve speed,
does not extend beyond the shear layer. As the rearvard
vave approaches the reaw cavity bulkhead the shear layer
once again begins to expel fluld (Stage F). The next stage
of the process is the same as Stage A, and the oscillation
cycle repeats (8:10-14).

This oscillation cycle applies to free-stream supersonic
£lovs. Howvever, the wvave structure of the cycle for a

subsonic flov is essentially the same. In fact, the forwvard
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traveling wvave will still be superson!> relative to the

external €£low (8:13).

Resonant Frequencies

Based on experiments, Rossiter (i) developed an
acoustic feedback mechanism to model flow sver a cavity
based on the shedding of periodic vortices at the front lip
of the cavity. These vortices are a result of the arrival
of an acoustic wvave radiated from an acoustic source near or
at the rear 1lip of the cavity. The acoustic source, in
turn, is a result of the vortices shed from the front lip
(1:7). Based on this model Rossiter proposed the following
semiempirical relationship fo-. the non-dimensional cavity

resonant frequency, Strouhi® number:

s=fLh-n-¢2 (1)
Us M+l-
Ky

vhere m is any positive integer and corresponds to the
frequency mode number, a is an empirical constant that takes
into account the phase difference between the upstrean
arrival of the acoustic wave and the subsequent shedding of
a vortex, and K,, is also an emplrical constant tied to a
disturbance convection speed (1:34). Rossiter determined
the value for o« = 0.25 and K, = 0.57.

Rossiter's formula assumes that the speed of sound in
the cavity is equal to the speed of sound of the free-

strean. This i3 cquivalent to assuming the cavity
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temperature recovery factor i3 equal to zero. Heller,

et al in their experiments deteimined the actual recovery
factor to be equal to unity. Therefore, the speed of sound
in the cavity ls egual to the free-stream stagnation speed
of sound. Coasequently, Heller, ot al proposed a
modification to Rossiter's egquation utilizing the stagnation

speed of sound (1:34):

* _ fL - n-g

8" = = ° 2

o " 1 (2)
[1 + Iél M‘]” Kv

Qscillation Suppression

Pxevious studles have shown that pressure oscillation
amplitudes can be reduced if the shear layer can be
stabilized so as to prevent the mass addition and removal
process at the cavity tralling edge. Several experimental-
ists (9; 1i; 12) have evaluated different passive-type
methods of stabilizing the shear layer with modest results.
Hovever, the effectiveness of any particular suppression
device wvas usually Mach number dependent. Since {t has been
shovn that the cavity pressure oscillations tend tovards
resonance at discrete frequencies for a glven flov
condition, it was ;. peculated that perhaps the shear layer
could be forced at a frequency different from the resonant
frequencies or at some sub-multiple of the resonant

frequency vith a phase change. Due to complexities
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involved, the latter was not evaluated as part of this

effort. '
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The test section, shown in Figure 3-1, consisted of a
tvo-dimensional nozzle assembly attached to a flat surface
wvith a rectangqular cut-out (cavity) sandwiched between two
pleces of 0.75 inch thick clear Plexiglas. The nozzle
assembly and the surface containing the cavity were machined
from $/16 inch thick aluminum. Paper gasket material wvas
applied to all aluminum assemblies to prevent leakage. The
sandwviched assembly was bolted to a base plate and mounted
on a calming chamber.

Four nozzle assemblies were 3designed to provide the
desired flow conditions. One subsonic nozzle assembly
incorporating a smooth converging curve was used for M =
0.60, 0.75, and 0.90 flow conditions. Three supersonic
converging-diverging nozzle assemblies designed for M =
1.10, 1.35, and 1.70 flow conditions vere developed using
isentropic relations and an iterative scheme incorporating
the method of characteristics. The exit area of each nozzle
assembly vas identical to allow interchangeability of the
nozzles with the surface/cavity assembly. Since the
geometry of the nozzles wvas designed to have fully expanded
flov (l.e. Pyayit = Pyem) vhen the desired f£low condition vas
reached, each nozzle assembly was fitted with a static

pressure port at the exit.
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The nozzles accelerated and directed the flow tangent
over a flat surface containing a rectangular cut-out,
representing the cavity, positioned two inches downstream of
the nozzle exit (Figure 3-2). The cavity depth was fixed at
one inch while the length was adjusted by inserting or
removing blocks that made up the rear bulkhead of the
cavity. Cavity lengths of two, three, and 4% inches wvere
possible. However, only a cavity with a length of two
inches wvas evaluated. Four static pressure ports, equally

spaced, wvere located along the cavity floor.

Figure 3-2. Nozzle and Cavity Assembly

3-3




The flat surface from the nozzle exit to the cavity
leading edge housed the suppression mechanisms. Figure 3-3
illustrates the design for the pulsing fence mechanism. As
shown, the fence is a sclid rectangular thin piece of metal
attached to a spring locaded pin, driven by hexagonal cam.
The cam was coupled to a rheostat controlled 24 volt D.C.
motor with a belt as shown in Figure 3-4. To measure the
frequency of the pulsation, holes were drilled at each peak
of the cam and a light source directed 1light through the cam
and on to a photoresistive cell connected to a frequency
counter. The pulsing fence mechanism with the spring and
camn removed was also used for the variable height static
fence investigation.

Tvo designs were evaluated for the pulsed secondary flow
injection suppression technique. The first design, Figure
3-5, allowved flowv injection at an angle of 45 degrees to the
external flow at the cavity leading edge. The second
design, Figure 2-6, allowved flow injection parallel to the
external flow and 0.020 inch below the cavity leading edge.
Both nozzle designs wvere supplied secondary flow via a motor
controlled valve. The valve, shown in Fiqure 3-7, vas a
ball type valve whose shaft was connected via a gear box to
the D.C. motor described above. A grease fltting wvas also
added to the valve for lubrication.

The clear Plexiglas side panels not only allowved for

flow visualization, but were also used to position the
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Figure 3-3. Pulsing Fence Mechanisa

dynamic pressure transducers flush on the side wall of the
cavity. Figure 3-8 shows the relation of those positions
relative to the cavity. In addition, pins extending through
the aluminum assemblies into the Plexiglas were used to

ensure precise alignment of components.
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Fligure 3-4.

Photograph of Pulsing Fence Mechanism
With Belt Driven Motor
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Figure 3-6. Parallel Flow Injection Assembly
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Figure 3-7. Photograph of Ball Valve with Motor
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Figure 3-8. Pressure Transducer Cavity Positions
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Air Supply System

Conpressed alr was supplied from two compressors each
capable of supplying 0.50 lbm/sec of air at approximately 90
psig. The compressed air was first run through a drzier to
remove any molsture and then through a filter to remove any
particles that could have scratched the Plexiglas. After
the filter, the air was routed through a three-inch, high-
pressure hose to a straight pipe assembly containing a
thermocouple and flange where an orifice was inserted.
Upstream static pressure and differentlial pressure across
the orifice vere recorded for each run to calculate mass
flow rate. From the orifice, the alr was piped to a dome
valve that wvas used to regulate the supply pressure. The
alr vas then run into the calming chamber wvhare static
pressure (assumed to be the stagnation pressure) vas
measured. Inside the calming chamber a secona fllter was in
place to trap any remaining particles prior to entering the
test section assembly. Figure 3-9 contains a photograph of

the test section assembly mounted on the calming chaaber.

Instrumentation

Presasure Measurement. Flgure 3-10 contains a schematic
of the {nstrumentation. Sound pressure measurements within
the cavity were taken with three Endevco Nodel 8506
plezoresistive dynamic pressure transducers. 8ignal
conditlioning and amplification vas accomplisied with three

Endevco Model 4423 signal conditioners povered by a single
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Figure 3-9.

Photograph of Tesat Sectlion
Mounted on Calaing Chamber
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Fiqure 3-10.

Schematic of the Inastruaentation
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Endevco Model 4225 Power Supply. The three conditioned and
amplified signals wvere interfaced with a Zenith Model Z-248
personal computer through a Qua Tech Model ADM12-11 twelve
bit analog to digital converter module and stored in integer
data files.

Static pressure within the calming chamber was measured
with an Endevco Mcdel 8530 piezoresistive pressure
transducer povered by a Tektronix Model PS503A D.C. Power
Supply ard read on a Hewlett Packard Model 3466A Digital
Multimeter. Static pressures at the nozzle exit and cavity
floor were measured with a bank of U-tube mercury manometers
with one side open to the atmosphere.

Flow Visualjzation. A schlieren optical system was set
up as shcwn in.Fiqure 3-11. This system used a spark lamp
with a spark duration of approximately 1/6 microsecond,
enabling a photograph to be taken showing the shear layer,

Mach lines, and shock waves for each cavity run.
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Calibration

All pressure transducers vere calibrated statically
using a dead wveight calibrator. This provided an overall
sensitivity value (mV/psi), incorporating transducer and
amplifier as a system, for each channel. The particular
transducers used to measure sound pressure level were also
tested dynamically to verify applicability of static
calibration for dynamic measurements using a Larson-Davis
Model CA250 Precision Callbrator. This callibrator produced
a 114.0 dB 250 Hz level output signal. This dynamic test
wvas also used to verify operation of the data collection

equipment as well as post processing algorithms.

Elow Condition Detexmination

To determine the required pressure for a desired flow
Mach number, the air flov supply valve was opened and the
delivery pressure wvas modulated with a dome valve (pressure
regulator) until the nozzle exit pressure stablilized to
atmospheric pressure. Measurement of the Mach angle froa a
schlieren photograph of this flow conpdition shoved a
consistently lover nozzle exit Mach number than the nozzle
design condition. This wvas mainly attributed to boundary
layer growth that was not accounted for during nozzle
design. Therefore, the supply pressure was increased to

improve the flov over the cavity. This supply pressure was




then used for all subsequent runs at that flow condition.
For subsonic runs, mass flov rate, as calculated from
differential pressure measured across a known orifice area
(13:197-210), was used to determine the pressure required

for a desired flow test condition.

DRata Acquisition
LAfter adjusting to the required supply pressure for a

given flow condition, the reading obtained from a pressure
transducer in the calming chamher was monitored to ensure
steady state repeatable flow conditions. Upon achieving the
desired pressure, data sampling vas 1n1f1ated. Data from
the cavity pressure transducers were sampled at a rate of
29,917 Hz and stored as an integer data file. Due to
computer array size limitations, only 2,043 data points, per
channel, could be sampled. 1In addition to recording sound
pressure levels, a fourth channel vas used to measure either
differential pressure across the orifice meter or dynaamic
pressure amplitude at the entrance of the secondary flow
injection nozzle. While the four channels of data wvere
being written to a data file, flow temperature, calming
chamber pressure, nozzle exit pressure, ind cavity floor
statlic pressures vere recorded. For flow visualization, a

schlieren photograph vas also taken.
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- Data Reduction

Since the raw data file was a discretely sampled,
integer valued, digitized representation of an analog
signal, the digitized data had to be first converted from an
integer bit value to a voltage. The voltage was then
converted to pressure amplitude by dividing by the
applicable sensitivity value determined during calibration.
This resulted in discretely sampled pressure data. This
pressure data was then processed using a Fast Fourier
Transform (FFT) algorithm (14:381-396). This provided data
of pressure amplitude (psi) versus discrete frequency (Hz).
The pressure amplitude values were then converted to

decibels (dB) using the following equation:

P -
Ims g4gp (3)

Pref

Sound Pressure Level (8PL) = 20 logyg

vhere Pyo¢ = 2.9 x 1079 psi rms i3 the statistical
"threshold of hearing" for the human ear. This SPL versus
frequency data was plotted using a graphics program written
by Golden Software, Inc., called Grapher. A representative
plot {8 shown in Figure 4-1. As indicated in this plot, the
first three modes corresponding to the modified Rossiter's

equation (2) are clearly evident.

Data Analysis and Compaxison

To determine the suppression effectiveness for a given

run configuration, a baseline (to be used for comparison)
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was established for each configuration and flow condition
tested. The baseline data sets were generated by averaging
the SPL amplitude (dB), for each discrete frequency, of at
least five runs at identical flow conditions without the
suppression device. A sample plot of the averaged data for
the same flow condition and configuration used in Figure
4-1, is shown in Figure 4-2. As a comparison betveen these
figures indicate, the averaged data had much less variation
between discrete frequencies except at specific modes.
Averaging the amplitudes for the baseline data set
worked wvell, but the variation between sample data points
was unknown. Therefore, a sample standard deviation (o) was
computed for each discrete frequency using the followving
equation:
1/2

(SPL, - SPL)'
1 (4)

N-1

U » I

g = i

where N is the number of samples used to compute a
particular baseline data set. If a normal distribution is
assuned for the‘;bxiation of the data points, then 68
percent of the data points will be within 2 1 o0 of the
sample average and 95 percent of the data points will be
within ¢ 2 0 of the sample average. Due to the signifi-
cantly higher percentage, + 2 ¢ wvas used to estimate the

variation of the data. To facilitate visualization of this
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Sample Average Baselline Data Plot
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variation, plots of the average data * 2 o were also
generated for each of the baseline data sets. Samples of
these are shown in Figures 4-3 and 4-4.

These baseline plots (average data, and average t 2 o)
provided a qualitative method to compare the effectiveness
of a particular suppression device. But with a large number
of runs, a quantitative type method was required to provide
the experimenter with a quick estimate of the suppression
effectiveness of a particular run. Therefore, an algorithm
vas developed that compared by frequency the 25 peak
amplitudes of the baseline data set with the corresponding
amplitudes of the current run. However, since quite often
the suppression device caused a frequency shift of a mode to
the next discrete frequeqcy interval, this comparison alone
vas somevhat misleading. Consequently, the 25 peak
amplitudes of the current run and the corresponding baseline
data set amplitudes were added to the comparison. A sanmple
printout of the resulting comparison (25 peak amplitudes of
the baseline data set and 25 peak amplitudes of the current
run) i{s provided in Table 4-I.

The 25 peak amplitude comparison was very useful for
evaluating, over a large spectrum of pressure oscillation
frequencies, the suppression effectiveness of a particular
configuration. However, since one mode usually had a much
higher amplitude than any other mode, and keeping in mind

the logarithmic scale for decibels, reduction of this peak
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mode was most crucial. Therefore, a peak mode summary was
also generated from the run data. It compares the largest
peak amplitude of the current run with the average level of
the largest peak amplitudes of the baseline data set. This
comparison was done independently of the actual freguencies
(l.e. 2,000 Hz amplitude compared with a 500 Hz amplitude).
Once again a sample standard deviation wvas calculated for
the single peak amplitude of the baseline data set and the

sample average minus 2 o vas used for the comparison. A

sample of this printout is shown in Table 4-1I.

BReaonant Frequency Comparison

The modified Rossiter equation for resonant frequency
discussed in Chapter III was used to estimate the resonant
frequencies. The modified Strouhal number equation ls

repeated belowv for convenience:

g““ (2)
- +
[1 + 151 N']“ Ky

S':ﬁha
U

vhere f {3 the resonant frequency for the m'th mode. To
solve this equation, cavity Mach number s required. But
Mach nuaber determination was not a stralght forward task.
The nozzle design condition and nozzle pressure ratio
(Paxit/Po)» often ylelded different estimates of flowv Mach

number.




Table 4-II.

Sample Peak Mode Summary Printout

PEAIK MODE SUMMARY

COMPRRISESON WITH Mi1-—-70B
1Lo—-6—1989

SAHFLE DATR: AVERRGE LEVEL (4B)
STANDARD DEVIAYION

176. 9
1.4

AVERAEGE FREGUENCY &191.2

I1RAX ANPIL {TUDE, fst MODE!

< 7

163.3
1.8

SAMPLES)

177.9
1.3

DIF W/ (AVE-2#S1GMA)

RUN | MODE  1CAVITY POSITIONG CAVITY POSITION
NUMBERI FREQ 1 ) 2 3 1 1 e 3
i ¢ U
4B 1 2191 | 178 163 179 | 4.9 3.3 3.8
@48B | 21 | IT3 162 177 | 1.4 .7 1.4
GA3B | 2191 1 175 163 176 ) 1.0 1.3 1.9
044D ¢ 2191 | 176 8 1771 1.9 1.5 1.9
643D ) 23191 ) 178 168 178 ¢ 3.6 3.3 3.3
0AGB | 2220 1 169 158 168t -%.3 -0.8 -7.3
0A7B ¢ 3939 | 138 127 137 | -16.4 =34.4 -37.7
9488 ¢ 4163 | 168 128 137 { -14.3 -33.7 ~30.%
6ASD t 2191 | 177 162 178 | 2.8 1.9 2.4
38 | 2191 1 178 64 179 | 4.2 2,9 a2
O31B ¢ 8296 | 173 16! 173 1 -1.1 -0.4 ~&.6
*B2B ! a4 1 172 171 171 0 2.8 10.1 -A. 0
L ~L1 68 | 17y 17@ 170 ¢ ~-3.9 8.6 -35.6
o%%D | 12 | 173 17 1 b -1.3 10.6 -3.8
o568 ) 131 ¢t 173 169 168 | =1.4 7.8 -6.9
e87B 1 2649 | 179 134 %2 | -18.6 -27.2 -~22.8
e388 1 2863 | 166 146 1690 1 -8.0 -13.3 -~I15.Q2
0398 | 2191 1 178 164 179 8.4 3.2 LI
OG8B | 22%0 | 17T® 161 169 ¢ -3.9 -8.3 -6.6
661B | O34 1 168 152 166 | -T.B ~1.4 -8.8
0628 | 5186 | 164 168 163 ' ~-18,2 -1.8 -12.8
®638 | 2968 | 163 IS8 168 ) -10,7 -3.3 ~7.6
O6358 | 5639 | 164 163 3162 | ~10.6 2.2 =~13.6
Q668 § UI98 | 163 168 189 | ~-11.4 -2.9 -13.7
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Mach number could also be determined from the Mach
angle (M) measured in the schlieren photographs by the

following relation:

However,, measurement of the Mach angle from the schlieren
photographs was not only difficult, but usually varied by
several degrees from picture to picture for identical flow
conditions. This was attributed to the very unsteady
behavior of the flow induced by the cavity.

To improve Mach number estimation, tuo additional
methods for calculating Kach number vere incorporated. One
method used an atmospheric pressure ratio. Since the nozzle
exit pressure vas usually slightly hicgher than atmospherlic
pressure (P,¢,), it vas assumed that the flowv continued to
expand to P,,, after exiting the nozzle and thus P .,/P, vas
used to estimate the flov Mach number at the cavity.

Another estimste vas obtained from the measured mass
flov rate incorporatinyg boundary layer growvth in the nozzle.
Since the distance betveen the Plexiglas side panels vas
relatively small (5/16 inch), swall boundary layer growth on
the Plexiglas covld aignificantly reduce the nozzle exit
area and thus affect Mach nuaber computation. Therefore a
laminar boundary layer vas assumed in the nozzle and {ts

height vas calculated by (15:25):
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A sample printout showing the dlfferent calculated values of
Mach number and the resulting resonant frequencles for the
first three modes is shown in Table 4-I1I1I. BAs shown, each
of these resonant frequencies (first three modes) were
compared (percent difference or error) with the actual
frequencles for the flrst three modes indicated on the plot

of SPL versus frequency for that particular run.
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Table 4-I11. Sample Resonant Mode Frequency Summary

RESONANT mMODE

FREQUENCY SUMMARY

I ! FTORE T MEED | MBEZ | MEED
AN | ACTUAL HIDE FREQUENCY § TYFE OF DATR USED AR MD4 | RESIN R | RESON ERAOR | RESIN  ERAO
m;mwmzlmummmmmml FREZ X3 | FRER (X} | fRER (X}
! { { §
8418 l 2191 1 A38 I 6559 l DESIEN CONDITIW I el & -L71 R -158 l 07y -19.8
l l § | ISENTROPIC FLON Pe/Pol 1,57 1 2162 1.3 1 848 -f3.21 799 -17.3
I } I | ISENTROPIC FLOW Pa/Fol 1.8 | 2169 1.0 68 -134 1 791 -17.5
! } ! | UPSTRERN WCH RELE | L&1 1 275 %61 4841 -9.51 07 -13.8
I ) § ! | I ! |
6428 | 2191 | 43971 6574 | DESIM (DMOITION I LW 2W -1.81 220 -1551 M7 -I%6
I ! I | [SENTROPIC FLOW Re/%o! L7 1 2163 1.3 1 5048 -1291 713 -17.¢
I J ! | ISENTROPIC FLOW Fa/Po! 1.8 | 217@ 1.0 1 5062 -13.1 . 1995 -IT.4
I | f | UPSTRON W01 AELE | LAL | 28 61 443 -2.21 718 -136
! ! I ! ¢ ! § i
B438 | 2191 | 43971 6308 | DESISH COMDITICN | L1 2231 -£.8 1 596 -I1551 6188 -{%S
i | § | ISEITROPIC FLIN Pe/Poi LS7 | 2164 1.2 ) 5058 -1291 TI% -(7.0
I I } | ISENTROPIC FLOW Po/Rol 1,58 1 2179 .91 564 -1321 198 -17.2
i | I TUPSTREN MIH ABLE | LM ] 28 A7 81 -431 BN -i4d
! i ! | t I { |
S4B | 2151 1 43371 6574 | DESIOM COMRITION ¢ 1.9 | 23 (.81 64 -I33 1 878 -19.6
i | { | JSENTROPIC FLON PMe/Vol 137 1 2164 L3 1 W49 -1291 1R -1
! i ! | ISOMROPIC AN Pa/Pol .38 1 AT 1.0 ) W3 -13.21 T -
i | | P UPSTRERS MICH AR.E | LA 1 2991 481 4879 -9.91 7668 -IAJ
! ! l | ! { ] !
G438 ) 2191 | 4368 1 6359 | DESHEN (DNOITION LR &R -1 26 -16.11 8183 -19.8
l I l | ISENTROPIC AL Pe/Pel L57 | 263 L21 SR 133t 739 (7.4
I ! ! | ISENTROPIC FLIW Pa/Pol 1.SB 1 2471 @91 566 -13.81 73§ -I1.6
! | | T UPSTREWN SO0 (IELE | L4 | 2933 471 4883 IR 1 W73 -IAS
| ! | I | ! ! {
OB | 2201 38(1 ) 7M08 | DESIR CMITIN | LT | 2 431 28 -381 014 b
| I | | JSENTROPIC ALY Pe/Pol LS7 | 2163 251 R 481 7MW -G8
| ! | | IENTROPIC AW Pa/Pol 1.3B | 2371 221 56 L1 TSI -8
! f ) | UPSTRERN WCH AELE | L.41 1 2077 G391 447 341 IBI6 8
| H ! I | l ! I
8478 | 81 39591 6508 ) DESIGM COWDITION | LW 2R &0! 209 -A.61 S -6
I i } | ISENTROPIC FLIN Pe/Pol 157 + 2163 4.0 1 IR -21.6 | TO39 -fAl
l | ) P IC0RIC FLOM Pasfol 158 1 271 &8 1 967 219 TSE2 -l8.4
{ I i PUPSTR- WRCH AELE | L9 123 &8 439 21 M3 -166
| i ! ! { ( ! 1
M8 ! 91 631 § | DESION COMRITION | L7 2R K6 3N -2l 8N &0
f ! ! | ISENTROPIC FLOM Pe/fol 1571 2163 &0 ) & -17.61 739 &9
| i { ISENTROPIC FLDN Pa/Poi 1,38 1 2171 @01 5867 -17.81 T &8
| ! I | UPSTREAM WROH ANELE | LM 1 203 &8 4883 -j4.81 Teld ¥
| | | | | I f I
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Y. Resu.ts and Discussion

Two methods were evaluated for their effectiveness in
reducing the amplitude of pressure oscillaticns invoked by
high speed flov (M = 0.62 to 1.53) over an open cavity. The
tvo suppression methods, which incorporated manipulation of
the shear layer over the cavity, are; a pulsed and static
fence (Fligure 3-3), secondary flow injection 45 degree
(Fiqure 3-5) and parallel (Fligure 3-6) to the external flow.

Before presenting specific results, a discussion on
Sound Pressure Level (SPL) units, decibel (dB)}, 1s essential
to familiarize the reader with relative magnitude of a
particular amplitude. As discussed in Chapter IV, dynanic

sound pressure (psi rms) i{s related to SPL (dB) by:

Sound Pressure Level (SPL) = 20 logy, iﬁﬁi dB (3)
Pref

vhere Ppop = 2.9 X 1079 psi rms is the statistical
"threshold of hearing® for the human ear. For comparison
purposes, Table 5-I relates some commonly experienced sound
pressures and their resulting SPL. As shown, 3n increase
(or decrease) in SPL by 20 AB increases (or decreases) sound
pressure (psi rms) by a factor of 10. A table of thase
relationships, for use during amplitude comparisons, are
provided in Table 5-I1, 1In addition a converslon table
(sPL, dB, to sound pressure, psi rms) s provided in Table

5-I11.
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Table 5-I. Comuonly Experlenced Sound Pressures

Sound Sound

Common Pressure : Pressure

Experience (psi rms) Level (d4B)
Threshold of Hearing 2.9 x 1072 0
Electric Clock 2.9 x 10-8 20
Inside a Library 2.9 x 1077 40
Conversation, 3 ft 2.9 x 1076 60
Inside an Office 2.9 x 1073 80
Lathe at 3 £t 2.9 x 1074 100
Threshold of Pain 2.9 x 1073 120
Jet Engine at 50 ft 2.9 x 1072 140

/n'.
8
@ 3 [ .

- l Table 5-1I. Pressure (psi) Nultiplication Factors
b Corresponding to changes in Sound
L Pressure Level (dB)
] l . Delta 8SPi, (dB) Resulting Multiplication
’ Increase (or division) Factor
- I {or decreage) For psi rms
s 1 1.1
o - 3 1.4
A II 6 2.0
T 10 3.0
- 15 5.6
e 20 10.0
N 2% 17.8
R l 30 30.0
- 5-~2




Table 5-I11. S8PL Conversion Table

Sound Pressure Sound Pressure
Level (dB) (psi rnms)
120.0 0.0029
125.0 0.0052
130.0 0.0092
135.0 0.0163
140.0 0.0290
145.0 0.0516
150.0 0.0917
155.0 0.1631
160.0 0.2900
165.0 0.5157
170.0 0.9171
175.0 1.6308
180.0 2.9000

Cavity Effect on Free-Stream Flow

Prior to evaluating a specific suppression device, the
supply pressure to attain a desired flowv condition was
required. Besides using nozzle exit pressure ratio, Mach
angle {(measured off a schlieren photograph) was used to
determine f£low Mach number. Howvever, the cavity often
invoked very unsteady behavior in the external flov due to
the pressure oscillations within. This made determination
of the Mach number, using the Mrch angle, for a given supply
pressure extremely difficult. To illustrate this pocint,
Fiqgures 5-1 and 5-2 shov tvo schlieren photographs of the
flov field, at identical supply pressures (M = 1.35 nozzle),
with and vithout the cavity. As the photograph with the
cavity shovs, several shocks are present and some are

somevhat cturved, wvhereas in the photograph without the
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Figure 5-1. Photograph of Flow With Cavity, M = 1.35

Figure 5-2. Photograph of Flowv Without Cavity, M = 1.35
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cavity the shocks are all uniformly straight and parallel.
Furthermore, due to the unsteady behavior with the cavity,
different photographs, at identical supply pressures, often
showved significantly varied flow Mach angle at the cavity.
This was attributed to the oscillation of the shear layer
above the cavity discussed in Chapter II1. Consequently, the
Mach angle from schlieren photographs without the cavity
were primarily used to determine flow Mach number. The
relation between nozzle design Mach number and measured Mach
number along with the calculated Reynolds number is
presented in Table 5-1V.

A representative subset of the data collected for the
fence, 45 degree flow injection, and parallel £low injection
configurations is contained in Appendices A, B, and C
reapectively. Due to the large quantity of data, only data
from cavity position one (considered representative of the
cavity) is provided. 1In addition, selected schlieren

photographs are also included.

Resonant Fregquency Prediction

The modified Rossiter equation for non-dimensional
Strouhal number (8") vas used to predict resonant frequen-
cies wvithin the cavity due to the external flowv conditions.
As Shown in Table 5-V, the predicted values when compared
wvith the actual mode freguencies measured in the cavity

varied from 1.3 to 21 percent. This varlation is reasonable
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Table 5-1V,

Experimental Mach and Reynolds Numbers

—Nozzle Mach Numbers Cavity Mach Numbers

P

P Mass
t

exi Flow Schlieren atm Reynolds

Design Py Rate Mach Angle P, Nurber
0.60 0.58 0.63 N/A 0.58 9.57 x 105
0.75 0.73 0.80 N/A 0.74 1.25 x 106
0.90 0.87 0.93 N/B 0.89 1.59 x 108
1.10 1.03 1.07 1.03 1.07 2.92 x 108
1.35 1.23 1.31 1.28 1.26 4.51 x 106
1.70 1.56 1.53 1.50 1.58 7.75 x 106

Table 5-V. Resonant Frequency Comparlison
First Mode Second Mode

Actual Frequency Frequency
Mach Actual Calc, Error Actual Calc. Error
No. {Hz) (Hz) (%) (Hz) (Hz) (%)
0.62 1600 1311 18.1 3400 3060 10,0
0.73 1700 1449 14.8 4100 3380 21.0
0.90 2000 1709 14.6 4200 3988 5.0
1.07 21711 18069 20.3 4500 4221 6.6
1.28 2147 1549 10.2 4309 4547 -5.2
1.56 2191 2163 1.3 4382 5048 -13.2

since Heller, et al estimate the error to be : 10 percent

for cavities with L/D 2 4 and greater for cavities with

L/D < 4 (1:96).
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The fence was deflected, transversely into the main
flow, with an amplitude of 0.10 inch over a frequency range
from zero to 120 Hz. Higher frequencies, 140 to 220 Hz,
vere also tested but, the fence deflection assembly became
damaged due to excessive cyclic loading. Also, the data
obtained at the single Mach number where these higher
frequencies wvere attempted, showed no significant change in
the peak amplitude levels. Therefore the pulsed fence
evaluation was limited to 120 Hz. The data used to generate
the graphs to be discussed next appears in Appendix RA.

The suppression effectiveness of pulsing the fence at
frequencies from 20 to 120 Hz was poor except at M = 1,53
flowv condition. As Figure 5-3 shows, the effect of
increasing the fence pulse irequency had no appreciable
effect on the first mode Sound Pressure Level (SPL) for Mach
numbers ranging from M = 0.62 to 1.28. Whexeas at M = 1,53
a decrease of 22 dB (176 to 154 dB) cccurred over the range
of zero to 80 Hz. However, as a plot of the second mode
shovn {in Figure S5-4 indicates, the SPL increased 9 dB (161
to 170 dB) over the range from zero to 120 for M = 1.53,
while all other Mach numbers except M = 0.90 remalned
relatively constant. For M = 0.90 the amplitude of the

second mode increased 11 db (149 to 160 dB) vhile the first

mode decreased 14 dB (160 to 146 dB) from zero to 20 Hz and




180~ SPL Vs FENCE DEFLECTION FREQUENCY
FIRST MODE
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Fiqure 5-3, Flrst Mode SPL Vs Fence Deflection Frequency
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Figure 5-4. Second Mode SPL Vs Fence Deflectlion Frequency
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both modes remained at a relatively constant level from 20
to 120 Hz.

The purpose of pulsing the fence was to try to force
the shear layer at a frequency different from the
cavity/flow resonant frequency. fhe pulsing did force the
shear layer since the frequency of the pulse was clearly
evident in the SPL spectrum plots. However, it invoked
pressure oscillations that were of the same magnitude and
sometimes higher than the oscillations it was to suppress.
Figure 5-5 shows an SPL versus frequency plot for the N =
1.53 flow cendition with no fence. Figure 5-6 shows the SPL
spectrum for the same conditions but with the fence being
pulsed at 80 Hz. Comparing these twvo figures, the first
mode wvas significantly reduced vhile the second nmode
increased slightly. Also shown in Figure 5-6 is the
pressure oscillation (80 Hz) invoked by the pulsating fence
wvhich is larger than any other peak amplitude in the
spectrum. Since the pulse amplitude of the fence was fixed,
the effect of lowver amplitudes was not investligated.
Howvever, runs to evaluate the effect of varying height of a
static fence on suppresslion of pressure oscillations in the

cavity vere accomplished.

Static Variable Helght Fence
Since the amplitude used in the pulsed fence evaluation

generated such large pressure osclllations in the cavity,

the relation betwveen fence height and cavity response vas
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Figure 5-5. Cavity Pressure Osclllatlons, No Fence
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Figure 5-6. Cavity Pressure Oscillations,
Wwith Fence Pulsing at 80 Hz
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evaluated. This test utilized the same fence used in

the pulse test, but it was modified so that the fence helght
could be set manually. Fence heights of 1/64, 3/64, 5/64,
and 7/64 inch were tested at Mach numbers ranging from 0.63
to 1.53.

The results from this evaluation are summarized in
Filgures 5-7 and 5-8 which contain plots of SPL versus fence
height, at varlious Mach numbers, for the first and second
modes respectively. The fence height is plotted as a
percentage of the boundary layer thickness. Since the
lovest Reynolds number for this test is higher than the
critical Reynolds number for transition from a lamlnar to a
turbulent boundary layer, the boundary layer thickness

equation for turbulent flow was used (15:38):

-1/5
U1
Yol ] (7)

4 =0.371 [
v

As shown in Fligure 5-7, the fence was relatively
ineffective in suppressing the flrst mode at M = 1.07 and
all three subsonic flow conditions. This result s
consistent with those observed by Malngulst (12:29) who
evaluated several fences at flxed heights. At M = 1.28
hovever, a 30 dB decrease (173 to 143 dB)} in SPL for the
filrst mode occurred in a fence helght range from 67 to 156
percent of the boundary layer thickness. At M = 1.53, a 34

dB decrease (178 to 144 dB) in SPL for the first mode
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Flgure 5-7. Flrst Mode SPL Vs Fence Helght
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Figure 5-8. Sscond Mode SPL Vs Fence Helght
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occurred in a fence height range from 22 to 111 percent of
the boundary layer thickness. The second mode, Figure 5-8,
wvas relatively unaffected by the fence at all heights tested
and at all Mach numbers except M = 0.90 where increasing
fence height resulted in 19 dB gain (149 to 163 4B) in SPL.
This gain wvas probably due to the flow accelerating as it
passed over the fence (i.e. the fence acted like a
converging/diverging nozzle). This is supported since these
higher second mode SPL amplitudes are in the same range as
those for the supersonic flow conditions.

To illustrate the effect of Mach number (for the data
used in Figures 5-7 and 5-8), Pigures 5-9 and 5-10 shov the
SPL for the first and second modes respectively plotted as a
function of Mach nuaber €for varying fence heights. As
Figure 5-9 i{llustrates for the first mode, the fence wvas
moderately effective (13 to 7 dB decrease {n SPL) at all
fence helghts in the subsonic range and significantly
effective (up to 32 db decrease in SPL) at fence helghts of
5/64 inch and greater in the supersonic range. However, the
second mode as shown in Figure 5-10 vas not as signlficantly
affected by fence height. In fact, at a given flowv
conditlon the affect on SPL due to increasing fence height
is not as orderly as that found for the flirst mode (i.e. for
the first mode at M = 1.28, increasing fence height resulted
in a decreasing trend for SPL, but for the second mocde the

trend for decreasing SPL correlated vith fence heights of
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5/64, 1/64, 0, 7/64, and 3/64 inch in that order). Because
of the relatively small spacing of data points, this could
be due. at least in part, to normal variation in the data.

The data obtalined with static fence heights of zero and
7/54 inch compare well with the results obtained by
Mainquist (12:44-47) for the first and second modes. 1In
addition, the SPL amplitudes and overall trends for the
baseline cavity (L/D = 2) for M = Q.62 to 1.53 is consistent
with those obtained by Heller and Bliss (8:105-108).

Steady Flow Indjection

The method used to pulse secondary flov injection
resulted in substantial pulse amplitude decrease at high
fraquencies. As the pulsating amplitude decreased due to a
frequency increase, the average pressure at the flow
injection nozzle entrance increased resulting in near steady
flow injection conditlions. To evaluate the suppression
effectiveness of steady flow injection, runz vere conducted
with two flow injection nozzles (45 degree and parallel to
the extsrnal £low) at M = 1.28 for increasing secondary flow
supply pressure. In addition, SPL data was also taken with
steady parallel flowv injection and no external flowv to
determina the pressure oscillations in the cavity solely due
to £low injection.

45._Degree Flow Iniection. This suppression technique
vas more effective overall than the parallel flow injection

method. For the 45 degree flow injectlon angle, shown in
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Figure 5-11, a 10 db decrease (176 to 166 dB) in SPL for the
first mode occurred over a range of mass flow rate per unit
cavity widths from 0.0 to 1.0 lbm/sec/ft. However, from 1.0
to 1.25 ibm/sec/ft flow injection rate the SPL increased by
2 dB (156 to 168 JdB). For the second mode, also shown in
Figuze 5-11, the trend was nearly the same with a 9 dB
decrease (163 to 15¢ dB) in SPL from 0.0 to 0.9 lbm/sec/ft
flov injection rate. Above 0.9 lbm/sec/ft injection rate
the SPL increased 4 dB (154 to 158 dB) at nearly a constant
rate to 1.25 lbm/sec/ft flov injection.

Parallel Flow Ipjection. This suppression technique
vas the least effective of all the methods evaluated. As
shown in Figure 5-12, the first mode was suppressed only 5
dB {174 to 169 AB) over a range of flow injection rates, per
unit width, from 0.0 to 1.45 lbm/sec/ft. The second mode
SPL increased 4 dB (162 to 166 dB) with 0.35 lbm/sec/ft
injection rate, then decreased 8 dB (166 to 158 dB) from
0.35 to 0.75 lbm/sec/ft injecticn rate, and remained
relatively constant from 0.75 to 1.45 lbm/sec/ft injection
rate,

Rarallel Flow Injection, No External Flow. The purpose
of this evaluation wvas to determine the SPL in the cavity as
a result of the flov injection. Unexpectedly, the flow
injection alone vas able to create disturbances in the
cavity as great and simllar to that due to the external

flov. Figure 5-13 contains a graph of SPL versus
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For Parallel Flov Injection Angle

-17

(8]

hid l * o - . PR ‘o a i e - - -




oscillation frequency in the cavity due to a 1.27 lbm/sec/ft
flowv injection rate with no external flow. For a
comparison, Figure 5-14 contains a graph of the SPL versus
oscillation frequency for M = 1,28 external flow condition
and no secondary flow injection. 1In addition, a schlieren
photograph of the resulting flowv is provided in Figure 5-15.
To illustrate the effect of flow injection rate on
cavity response, Figure 5-16 contains a plot of the SPL
amplitude for the first two modes versus flow injection rate
vith no external flow. As shown, there is a substantial
increase in the SPL with an increase in flov injectlion rate.
This could explain vhy flowv injection parallel to the
external flow did not significantly suppress large amplitude

cavity pressure oscillations.

Egl&gd EIQV In Iggngn

This suppression technique incorperated pulsed
secondary flov injection at an angle 45 degrees and parallel
to the free-stream {low at the cavity leading edge.
However, due to design limitations, the amplitude of the
pulse dropped significantly with increasing pulse frequency
vhile the average pressure offset at the injection nozzle
entrance i{ncreased. Thus a high freguency pulse responded
like a reduced pressure steady flow injection. Consequently
only one Mach number (M = 1.28) was used to evaluate this

suppression technique.
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Figure 5-15. Photograph of Parallel Flow Injectlion
and No External Flow
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45 Deaxee Flow Injection. Thls suppression technique

demonstrated only moderate effectiveness. As shown in
Figure 5-17, the first mode SPL decreased 9 dB (177 to 168
dB) by pulsing a 50 psig supply pressure at 10 Hz. From 10
to 50 Hz the SPL slowly increased (4 dB) and then leveled
off from 50 to 80 Hz. The second mode, Fiqure 5-18, also
decreased 9 dB (164 to 155 dB) by pulsing a 50 psig supply
pressure at 10 Hz, but remained constant at that level for
higher frequencies.

Parallel Flow Injection. Flow injection pulses
parallel to the free-stream direction (50 psig valve supply
pressure) wvas less effective than the corresponding 45
degree flow injection pulses. As shown in Figure 5-19, the
first mode remained relatively constant with increasing
pulse frequency. The second mode decreased 7 4B (164 to 157
dB) with a 10 Hz pulse, but then increased 5 dB (157 to 162
dB) from 10 to 40 Hz, From 40 to 60 Hz it decreased 4 dB
(162 to 158 dB).
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conclugiong

The purpose of this experiment was to determine the
effectiveness of suppressing pressure oscillations in a
cavity through manipulation of the shear layer. The cavity
tested vas a small-scale, two-dimensiocnal cavity with a
length to depth ratio of tvo.

The pulsating fence wvas effective in suppressing
pressure oscillations, but only at two of the six Mach
nunbers tested (0.90 and 1.53). The pulse frequencies
evaluated ranged from 20 to 120 Hz. Higher frequencies were
not tested due to a design limitation of the pulsing
mechanism. For .the frequencies tested, the level of
suppression provided by a pulsating fence was less than thatl
attainable with a static fence of the same height. Howvever,
the fence vas able to invoke disturbances in the cavity as
great as those caused by external flov resonance. Thus
higher pulse frequencies with a smallex amplitude may be
effective in suppressing cavity pressure oscillations.

The static fence wvas the most effective suppression
technique evaluated. However, it wvas only significantly
effective in suppressing the first mode for fence helights
greater than 75 percent of the boundary layer thickness, and
only at two of the six Mach numbers tested (M = 1.28 and

1.53). The second mode vas relatively unaffected by the
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fence at all heights tested (zero to 200 percent of the
boundary layer thickness) and all Mach numbers except M =
0.90 vhere the SPL wvas significantly increased for
increasing fence height.

The pulsating secondary flow injection suppressiocn
technique was only minimally effective in suppressing cavity
pressure oscillations for both injection angles evaluated
(parallel and 45 degrees to the external flow). Hovever,
the amplitude of the pulse decreased for increasing pulse
frequency resulting in near steady, reduced pressure flow
injection. Therefore low frequencies (10 to 80 Hz) vere
somevhat qualitatively evaluated. 1In any case, pulsating
the flow at 25 sngle 45 degrees to the external flow
suppressed cavity pressure oscillations bettexr than
injection parallel to the flowv. This was probably due to
the shear layer becoming more turbulent as a result of the
45 degree flow injectlion angle and thus invoked lover
amplitude pressure oscillations in the cavity (2:5).

Steady flov injection at 45 degrees to the external
flov vas more effective than steady parallel flov injection
for the same mass flov rate. Although the magnitude of the
suppression from steady flov injection wvas slightly greater
than that from pulsating flow, it was still signiflcantly
less than the levels achlevable with a static fence.

Steady parallel £lov injectlion at the cavity leading

edge, with no external flow, can lnvoke pressure cscilla-
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tions in the cavity of the same ordexr of magnitude and
similar spectrum shape as observed for extarnzl flow only.
Thus it was concluded that parallel fiow injection alone can
cause cavity resonance.

The test section assembly used in this evaluatiosn
worked well overall. Howvever, due to the small cavity
length, the resonant frequenclies wverz relatively high with
respect to the fregquencies achlevable with the mechanical
pulsing mechanisas used. Consequently, dynamic testing
(pulsating ience and flow injectian) at or near the resonant

frequenclies wvas unachlevable.

Recommendationg

In the early stages of this investigation, the scope of
this investigation, although ambitious, seemed doable. The
parameters used to determine the scope vere; freqguency,
amplitude, mass flov rate, Mach number, injection angle, and
L/D. Most of these wvere evaluated, at least partially, but
because of the large number of runs required, some vera not,
In addition, as data wvere taken and processed, sany
interesting phenomena cccurred requiring additionsl and
sonetines different runs and configurationa. BSome of these
phenoaena wvere partially evaluated and others unfortunately
vere not. Consequently many recommendations for further
investigation can be made.

Probably the wcst important recommendatlion as a result

of this experiment i1s the evaluation of the suppression
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methods {pulsating fence and pulsating flovw injection) at
higher frequencles relative to the cavity resonant
frequencies. For the type of fence meciianism used in this
experiment, higher frequencies may be unattainable due to
large cyclic loadings. Thus a nev approach to nanipalate‘
the shear layer might have to be used. Tvo recommended
methods to consider include a vibrating ribbon or high
frequency vibrator.

Since the pulsating fence invoked its own large
amplitude pressurs ozcillations in the cavity, recommend
further {nvestigation on the effect due to fence deflection
amplitude, A related parameter that should also be
evaluated is the location of the pulsating fence with
respaect to the cavity leading edge. Perhaps moving the
fence mechanisn further upstream of the cavity, wvhere the
boundary layer s auch smaller, aight allow significantly
lover fance deflection amplitudes and thes raduce the cyclic
loading on the fence mechanisa alloving higher freguencies
to be evaluated.

Achieving higher freguency flov injection pulses vith
the current design is probably not feasible. Recommend a
new design be used that puts the pulsing mechanism at the
injection nozzle exit. This should alleviate most of the
problem of aaplitude decrease due to freqguency increase.
Consequently, auch hligher amplitudes could be evaluated.

Recommend different flov injection angles be evaluated,
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aspecially perpendicular to the flow. Also, avaluate the
position of the injectlion pulse relative to the cavity. Aas
with the fence, perhaps moving the injection pulse upstream
of th: cavity would require significantli, lover pulze
amplitudes and mass flov rates for effective pressure
oscillation suppression.

Since time permitted testing for only one cavity length
to depth ratio (L/D = 2), recommend different values (L/D >
2) be investigated regardless ol the suppression tecanique
used. Also, larger length to depth ratlos will reduce the
cavity resonant frequencies thus enabling active-type

¢ ippression techniques to be evaluated at lower frequencles.
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Appendix A: PBulsating and Static Fence Data

Description of Contents
This appendix contains the Sound Pressure Level (SPL)

versus frequency data obtained from the pulsating and static
fence evaluations. Although not a complete set of all the
data obtained, it does contain all the data (cavity position
one only) used to generate the graphs presented in the body
of the thesls as well as some selected schlleren photographs
considered representative of the flow conditions tested.

Due to the large guantity of data only plots for cavity
position one are included. Cavity position one vas selected
because the SPL amplitudes for this position vere
consistently betwveen those for cavity position 2, which vas
usually the luwvest, and cavity position 3, wvhich was usually
the highest. 1In addition, the spectrum shape for cavity
positions 1 and 3 vere very similar and thus considered

representative of the cavity.
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Figure A-11.

Schlieren Photograph, M = 0.62
Baseline, No Fence

Schlieren Photograph, M = 0.62
Fence Helght = 5/64 Inch
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Figure a-13. Schlleren Photograph, X = 0.76
Baselise, No Fence

Fiqure A-14. Schlieren Photograph, M = (.76
Fence Helght = 5/64 Inch
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Figure A-16. Schiieen Photograph, M = 0.90
Baseline, No Fenca

Fiqure A-17. Schlieren Photograph, M = 0.90
Fence Height = 5/64 Inch
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Figure A-19. Schlieren Photograph, M = 1.07
Baseline, No Fence
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Figure A-20. Schlieren Photograph, M = 1.07
Fence Helght = 5/64 Inch
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Figure A-22.

Figure A-23.

Schliexren Photograph,
Baseline, No Fence

Schlieren Photograph,
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Schlieren Photograph, M = 1.53
A-21

Schlieren Photograph, M = 1.53
Fence Helght = 5/64 Inch

Baseline, No Fence
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Appendix B: 4% Degree Flow Injection pata

Deacription of Contents

This appendix contains the Sound Pressure Level (SPL)
versus frequency data obtained from the pulsating and steady
flov injection evaluations. Although not a complete set of
all the data obtained, it does contain all the data (cavity
position one only) used to generate the graphs presented in
the body of the thesis as wvell as some selected schlieren
photographs considered representative of the flov conditions
tested. Due to the large quantity of data collected only
plots for cavity position one are included. Cavity position
one was selected because the amplitudes for this position
vere consistently betveen those for cavity position 2, vhicha
vas usually the lovest, and cavity position 3, vhich vas
usually the highest. 1In addition, the spectrum shape for
cavity positiona 1 and 3 vere very similar and thus

considered representative of the cavity.




MATH w135 NOXZLE, &G Dila W-Chos 135 NITICE, AL S~ DeSIGRA
CONRIG M1-3% 14 SiMPLES CUNAIG M- 332 14 3iMPLES
Canlr FOSINON 1 . Caafy FCSTION Y
G9-35-198% (15 »z GaNOWILTH) 03-35-1989 (15 wp BaNGMCTH

I
Wd \‘“"Mwaw

SOURD PRECOUHE LEVIL (di)

‘ARmU PR At Ly (s

2, {ReC0 (L4 = 126 B

B A L A Y Y
FAEQUENCT (m)

Flgure B-1. Baseliné bata Set: Average Data and
Average - 2 ¢ Data For M = 1,28

Figure B-2, sChlleien Photograph, H = 1.28
Baseline, No Flov Injection

B-2




N

§
]
| MACH = 1 3% NOZZLE MACH = 1 33 NOZZLE
; RUN G31A (15 Hz BANDWIDTH) AUN O37A (15 Hz BANDWIDTH)
i 180 - CAVITY POSITION 1 '89 1 CAvify FOSITION 1
b 09-21-1989 09-21-1989
! 170 170 o
|- g
i % 150 Zre0
o o
! b
g § 130 ~ 1301
v b
' ¥ &
3 0 § 140 4 ]
4 4
£ f H "
! LIS 110 4
1 9 ?
A]
i & 120 g a0
i 1104 Y
1
' )
100 . v v . ) o Pivesatiing it T
! 0 2000 4000 8000 8000 10000 ) e e %0 B
) TREQUENCY (w3} fegLui vl tvp)
¢
i
1
' MACH = 1 3§ NQZTLE weCH s ) ROINE
t QUN QJ4a (15 H: BANDOWIDIM) Qun QI6A (13 My BANDWDIN}
. 180 4 CAviTY POSthon t 140 + CAVIlY DOSIIQOM 1
4] 09-27-1989 09~2t - 1969
! 170 4 vro
i = -
H g [N
X KETY LAT)
H -
. .
g 1% § 190
1 v
1 -
/.
'i {10 g ve
i& ;.
1 Q9 19 : ) E ¥ ey
-4 * ¢ r
f g i 2
) 1309 .04
z
3 1o wi
; !
e (<] e ¥ n L Eaahtt ST LIy s
2000 [l 4200 [ ] ) il T a T wEn s [SAY
. TRE A WCY ae; TEE T EWTS Wy
]
1
:
i wECE e ) X% RSN e SRS J Y §
. BN QXA (1L aNDeQM) BOM 2GS 1S s ERAND )
N 180 4 Caittry pSatln 3 Ty Caette Do
i [, ERAREE 11 ) E 09-21- 1589
é 110 4 Y
N - —
-1
! 16D Yo
! @ +
: .
i 5 1% b
. s v
, 2ren X
' n »
) ¥ ;
i v {
Y 9
i § o b4
H
-
)
" . .
» Ay armey [ e [N e el e g [ Y
L2 SRR ) LS S L W NIV
L

o e e SO

U OB Wr G5 B BN S BF ED BF NS P BU OGN ND O SN IR an

Filgure B-3. S?L Vs Frequency Data For Pulsatlng 45 Degtee
Flov Inject, 50 psig Valve Supply Pressure,

10 & 20 Hz (Top), 40 & 60 Hz (Mid), 80 & 100




I G N D SG G5 SN OGN WD OB WS M BD S EE B BN me e

GOUKO PREZUME 1EvE (gB)

MACH o 0 X8 NOZME
RUN D028 718 mp BANGHIOTN]
CaViTy 980y
0%-31-'3a9

o,
: Dt . e e
FOE . §e v ey

YOUND PRESSURC LOVEL (aB)

MACH = 1 3% NOJIZILE
RUN Q04& (15 M BANDWIDTH)
CAvITr POSITION !
09-21-1989

¥ v v v
Ho v 400¢ 4000 8000
FREQUENTY )

)
W S emen e s s Cannas LR T L
s

MATM s v 3§ MR
QUN (Céa (19 m: GauZaDrtw
Cauly D\sm\,n t
90-24-1389

iy

N 3 [ [RRN LAY sane
YREGEMCY g

CTHY Ba L emianecxna mana

MVACH » ' 3% NOZ2LT
RUN O03A (15 Mr Dan0wOIM}
Canily BOSINGN
09-21-1989

s S R
LE S 3Y ALY

TR

SORND PATSTRT L (41

]

e St it e it B -

Figu:e B-4.

.,

(TSNS B vP et {
VL SRR L BT @u\\.((?u
’t: Fo TR0 2

CF~at - 1309

z

-
>

]

i PRI
LTI N [y

Flov Inject,

3

L4

TNAC TGE3ME LR,

+
-3

. o
B R g N R ATt T P T T TP

SPL Vs Frequency Data

R R A TRt I
LIV R SRR BIRE U - T
Cauts BORIOW R
R EPLEEET 1

For Steady 45 Deg:ee

0.32 & 0.45, 0.60 & 0.73, 1.00 & 1.27

Hass flov rates/vidth lba/sec/ft




Figure B-5. Schlieren Photograph, M = 1.28
45 Degree Flowv Injection (40 Hz)

Figure B-6. Schlieren Photograph, M = 1.28
Steady Flowv Injection (0.86 lbm/sec/ft)
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Appendix C: PRaraliael rlovw Iniection Daca

Descxription of Contents

This appendix contains the Sound Pressure Level {SPL)
versus frequency data obtalned from the pulsating and steady
parallel flov injection evaluations. Although not a
complete set of all the data obtained, it does contain all
the data (cavity position one only) used to generate the
graphs presented in the body of the thesis as well as some
selected scullieren photographs considered representative of
the flow counditions tested. Due to the large quantity of
data coliected only plots for cavity position one are
included. Cavity position one was selected because the
amplitudes for this position wvere conalstently between those
for cie.- . position 2, which was usually the lowest, and
cavity position 3, which was usually the highest. In
addition, the spectrum shape for cavity positions 1 and 3
vere very similar and thus considered representative of the

cavity.
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| Figure C~5. Schlieren Photograph, M = 1.28
Parallel Flow Injection (40 Hz)

Figure C-6. Schlieren Photograph, M = 1.28
Steady Flov Injection (0.86 lbm/sec/ft)
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Abstract

Large pressure cscillations are generated by high speed
tangential flow over an open cavity. The purpose of this
experimental study was to determine the effectiveness of
suppressing pressure oscillations by manipulating the shear layer
over a twvo-dimensional cavity vith a length-to~depth ratio of
tvo. Two methods, a frequency controllable control surface
(fence) and pulsating secondary alrflow at the cavity leading
edge, vere used to manipulate the shear layer. The suppression
effectiveness of the fence utilized in both passive and active
modes (zero to 120 Hz) was evaluated at six airflow Mach numbers
(0.62, 0.76, 0.90, 1.07, 1.28, 1.53). The effectiveness of
pulsating secondary airflow was evaluated at one airflowv Mach
number (1.28) and two flov injection angles (parallel and 45
degrees to the flow) at frequenclies ranging from zero to 80 Hz.

" The effect of steady'flow injection was also evaluated at mass
flov rates per unit width ranging from 0.323 to 1.29
(lbm/sec/ft).

Pressure rccordings from within the cavity wvere made for
each test. A narrov band Fourier analysis of these recordings
produced plots of the sound pressure level amplitude versus
frequency. Schlieren photographs of the flow wvere also taken for
each test to obaerve the shear and determine the cavity Mach
number.

The effectiveness of a pulsating fence in suppressing the
peak mode pressure oscillations proved to be less than that
achievable wvith the fence static. Hovever, due to mechanical
restrictions of the model design, the maximum freguency was
limited to only 120 Hz, an order of magnitude below cavity
resonant frequencies.

The pulsed secondary flov injection technique was most
effective vhen pulsed at a 45 degree angle to the external €low,
but less effective than that achievable with steady 45 degree
flov injection. However, the pulsed secondary flov suppression
method vas not effectively evaluated since substantial decrease
in pulse amplitude occurred vith small frequency increases.
Recoamend additional testing be accomplished to evaluate the
effectiveness of both these methods at highar frequencies.
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